A conceptualized impeller called KIA is designed for impact agitation of food waste in a homogenizer. A comparative analysis of the performance of KIA is made with three conventional impeller types, Rushton, Anchor, and Pitched Blade. Solid-liquid mixing of a moisture-rich food waste is simulated under various operational speeds, in order to compare the dispersions and thermal distributions at homogenous slurry conditions. Using SolidWorks, the design of the impellers employs an Application Programming Interface (API) which acts as the canvas for creating a graphical user interface (GUI )for automation of its assembly. A parametric analysis of the homogenizer, at varying operational speeds, enables the estimation of the critical speed of the mixing shaft diameter and the deflection under numerous mixing conditions and impeller configurations. The numerical simulation of the moisture-rich food waste (approximated as a Newtonian carrot-orange soup) is performed with ANSYS CFX v.15.0. The velocity and temperature field distribution of the homogenizer for various impeller rotational speeds are analyzed. It is anticipated that the developed model will help in the selection of a suitable impeller for efficient mixing of food waste in the homogenizer.
Introduction
Municipal solid waste management (MSWM) is an important issue, especially in developing countries like Nigeria due to its adverse environmental effects [1] . Food waste accounts for almost half of the refuse of a standard household in Abuja municipality, according to a 2004 study by Nigeria's Federal Ministry of Environment (see Appendix A) of five districts in Abuja. That study shows that large quantities of mostly organic waste, which is comprised mainly of food and yard waste in household refuse generated annually [1] . In recent years, the amount of food waste generated daily in Hong Kong has shown an increasing trend, from 3155 tons in 2002 to 3584 tons in 2011, accounting for almost 40% of the MSW [2] . Most of the food waste in Hong Kong is from the domestic sector, accounting for about 70% of the total food waste, while the remaining 30% is from the commercial and industrial sector [3] .
Ogedengbe et al. [4] conducted an energy audit of the 2001 cafeteria of the University of Lagos, where the monthly food waste was estimated at 1982 kg. It was determined that this quantity of food waste is equivalent to about 200 m 3 of methane gas, if processed. Using a carrot-orange soup as the operating fluid (with its thermofluid properties), and assuming constant density and temperature-dependent viscosity in a follow-up numerical investigation, the velocity and temperature field distribution under the influence of the mixing source term were presented. However, the mixing source term in the computational fluid dynamics (CFD) model was approximated by a linearized mathematical function of the force impact of the impeller on the fluid [5] . Meanwhile, mechanically agitated homogenizing tanks have been widely used in chemical, biochemical and pharmaceutical industries [6] . The performance of the homogenizer depends on geometric configurations and operating parameters, such as the impeller rotational speed and height of fluid in the homogenizer.
Mixing plays an important role in the homogenization of food waste. The fundamental mechanism involves physical movement between various parts of the entire mass with rotating impeller blades, which are designed to breakdown and blend the heterogeneous food waste into a slurry. Therefore, a detailed knowledge of velocity, temperature distribution and power requirements of the homogenizer are required. Over the years many engineering design principles have been developed, and the design of mixing equipment for a desired process objective has been possible and an imperative [7] .
Jirout and Rieger [8] experimentally assessed the effect of impeller design on mixing suspensions, for various impellers and calculated the critical impeller speed and power consumption necessary for off-bottom suspension of solid particles. Aqueous suspensions of glassy beads with large range of volumetric concentrations C v and mean volumetric diameter d p were used to model the suspension. The results suggest that Pitched Blade impellers have higher suspension efficiencies, compared to other impeller configurations. Rajeev et al. [9] investigated the mixing of rheological complex fluids using flat bladed impellers as close clearance agitators in the laminar regime. The non-Newtonian fluids were adequately described by the power-law model with a flow index n between 0.1 and 0.4. Power draw analysis was used to explore the combined influence of pseudo-plasticity and impeller geometry. The effective shear rate pK s q was determined using the modified Couette analogy. The power curve method and direct calculation method agreed with the hypothesis of K s , being independent of the flow index. The effect of impeller shape on off-bottom particle suspension was also investigated by Rieger et al. [10] . Based on numerous measurements, empirical correlations were proposed for the just-suspended impeller speeds for various impeller types. That investigation demonstrated that the standard Pitched Blade impeller has the highest power consumption while the Pitched Blade impeller has a higher efficiency for particle suspension. Monteith et al. [11] used the tracer method to analyze the effect of mixing in full scale anaerobic digesters and showed that the dead zones accounts for about 77% of the volume theoretically available for mixing, thus reducing the hydraulic retention time.
Computational fluid dynamics (CFD) provides a flexibility and an inexpensive way of examining the impact of modifying vessel configuration and dimensions, impeller orientation and rotational speed, and fluid properties. Abbaszadeh et al. [12] employed a combination of the finite element method (FEM) and an analytical technique in the design of mixing systems in a stirred tank reactor for bio-diesel production. The design was based on a Pitched Blade turbine down flow with two inclined blades (45˝), assuming maximum working conditions. The mixing power, mechanical design and stress analysis of the agitator were captured as source terms within the FEM models. The results showed a similarity between the analytical and modal analysis of the critical rotational speed of the mixing shaft, with basic dimensions and materials considered for the design of the mixing system in acceptable range. Asiri et al. [13] proposed designs for differential agitators and implementation methods in order to maximize agitation. A parametric study and shape optimization, for various material properties and loading conditions, was carried out with numerical analysis. Using ANSYS, the optimum design for the geometrical parameters of the differential agitator elements were obtained, while the performance of a normal agitator was compared with the differential type. It was observed that the differential type agitator exhibited better homogeneity.
Mixing is a complicated process especially because of the multiphase turbulence during mixing and the design of a mixer [14] . Although, CFD can be used to improve understanding, it suffers from the disadvantage of a high computation cost when complex chemistries with large number of species are involved [15] . CFD based approaches are extensively used under such constraints, and have provided reasonable predictions at reduced computation expense for a single phase system [15] .
Delaplace et al. [16] numerically simulated the heat transfer of highly viscous Newtonian fluids at unsteady state in a jacketed vessel using CFD. The numerical results exhibited good agreement with the experimental values of some features, but there were discrepancies wtih the local thermal boundary layer and the global heat transfer measured experimentally.
Ghani et al. [17] investigated the thermal sterilization rate when a can containing viscous carrot-orange soup was rotated at 10 rpm. The result showed that the combined natural and forced convection split the slowest heating zone into two regions. The extremely high viscosity of the carrot-orange soup (or a moisture-rich food) guaranteed a relatively small shear rate regime, where a Newtonian fluid assumption becomes possible. Although experimental and numerical studies of mixing systems are ongoing, no impeller has been designed for the mixing of moisture-rich food waste due to the complex rheology of the non-Newtonian fluid (without carrot-orange soup assumptions) [18] .
In this paper, a conceptualized impeller called KIA is designed for homogenizing food waste. The KIA impeller is modeled to serve a dual purpose: grinding the heterogenous food waste and subsequent conversion into a slurry. The food waste slurry in the homogenizer is continously stirred for a maximum of two weeks to prevent sedimentation before it is fed to a gasifier for thermochemical processing, carrot soup is used as the moisture rich food waste and assumed to have constant properties except for viscosity (temperature dependent) and density, in order to adopt a Newtonian approximation due to its low shear rate, as used in many studies [5, 19] . Using a single phase flow field for simplicity in the simulation of the fluid, a comparison of the performance of the KIA impeller with conventional impeller types, including Rushton, Anchor and Pitched Blade, is made using ANSYS CFX v.15.0 for the different homogenizer speeds. It is anticipated that the strategic parametric analysis of the KIA impeller will offer a cost-effective mixing in terms of power consumption, quantity and quality of yield. Figure 1 shows a typical set-up with the impeller for agitation of food waste. Material selection for the impeller shaft is based on two distinct factors, torque and bending moment, and the critical speed of the impeller shaft. The various impeller configurations investigated are modeled using Solidworks CAD software, as shown in Figures 2-5 . The governing equations for the transport of the moisture-rich food waste are approximated using the continuity, momentum and the energy equations with the continuum assumption. Delaplace et al. [16] numerically simulated the heat transfer of highly viscous Newtonian fluids at unsteady state in a jacketed vessel using CFD. The numerical results exhibited good agreement with the experimental values of some features, but there were discrepancies wtih the local thermal boundary layer and the global heat transfer measured experimentally.
Methodology
Ghani et al. [17] investigated the thermal sterilization rate when a can containing viscous carrotorange soup was rotated at 10 rpm. The result showed that the combined natural and forced convection split the slowest heating zone into two regions. The extremely high viscosity of the carrotorange soup (or a moisture-rich food) guaranteed a relatively small shear rate regime, where a Newtonian fluid assumption becomes possible. Although experimental and numerical studies of mixing systems are ongoing, no impeller has been designed for the mixing of moisture-rich food waste due to the complex rheology of the non-Newtonian fluid (without carrot-orange soup assumptions) [18] .
In this paper, a conceptualized impeller called KIA is designed for homogenizing food waste. The KIA impeller is modeled to serve a dual purpose: grinding the heterogenous food waste and subsequent conversion into a slurry. The food waste slurry in the homogenizer is continously stirred for a maximum of two weeks to prevent sedimentation before it is fed to a gasifier for thermochemical processing, carrot soup is used as the moisture rich food waste and assumed to have constant properties except for viscosity (temperature dependent) and density, in order to adopt a Newtonian approximation due to its low shear rate, as used in many studies [5, 19] . Using a single phase flow field for simplicity in the simulation of the fluid, a comparison of the performance of the KIA impeller with conventional impeller types, including Rushton, Anchor and Pitched Blade, is made using ANSYS CFX v.15.0 for the different homogenizer speeds. It is anticipated that the strategic parametric analysis of the KIA impeller will offer a cost-effective mixing in terms of power consumption, quantity and quality of yield. Figure 1 shows a typical set-up with the impeller for agitation of food waste. Material selection for the impeller shaft is based on two distinct factors, torque and bending moment, and the critical speed of the impeller shaft. The various impeller configurations investigated are modeled using Solidworks CAD software, as shown in Figures 2-5 . The governing equations for the transport of the moisture-rich food waste are approximated using the continuity, momentum and the energy equations with the continuum assumption. 
Using a multiple reference frame (MRF) approach [20] to simulate the impeller rotation, the computational domain is divided into two regions: An inner region (rotating frame), which encompasses the impeller, and an outer region (stationary frame), which includes the homogenizer vessel wall, baffles and the flow outside the impeller frame. In the former, the governing equations are solved in the rotating framework. In the latter, the equations are solved in the stationary framework. The boundary needs to be selected in such a way that the predicted results are not sensitive to its actual location. In the present case, the interface between the rotating and stationary regions was set between the impeller tip and the edge of the baffles in the radial direction and one impeller blade width above and below the impeller blades. The computational models and their mathematical expressions used in this study are described further in Reference [21] .
Homogenizer Configuration
The solution domain consists of a cylindrical conical shaped bottom tank of diameter (T) of 2000 mm, height (H) of 2500 mm and volume (V) of 6.078 m 3 . The impeller dimensions used for this study are shown in Table 2 . The tank configuration for the Pitched Blade, KIA and the 6 bladed Rushton impellers are equipped with 4 baffles all equally spaced at 90˝around the tank periphery, while a tank geometry having no baffles is used for the Anchor impeller. Mixing is caused by mechanical agitation of the impellers which are driven by a prime mover with impeller speeds of 100-600 rpm. For the baffled tank geometry, each impeller has a diameter (D) of T{3 and T{1.02 for the Anchor impeller which is a close clearance impeller. The impellers are mounted on a shaft concentric with the axis of the homogenizer vessel with the bottom impeller having an off-bottom clearance (C) of T{3, which is below the geometric centre of the containing vessel. The impeller design is carried out with Solidworks and imported into the ANSYS CFX environment for simulation. The properties of the carrot-orange soup and the impeller [22] , as used for simulation in the ANSYS environment are shown in Table 1 . The geometrical dimensions of the homogenizer vessel and impellers used for this study are shown in Figure 6 . The simulations are carried out at impeller rotational speeds of 100-600 rpm, corresponding to a Reynolds number between 66.78ˆ10 3 to 400.76ˆ10 3 for all baffled homogenizer vessels and values ranging from 638.2ˆ10 3 to 3.83ˆ10 6 for the Anchor impeller (for the carrot-orange soup dynamic viscosity of 0.6 kg/ms). 
Computational Method
The symmetry assumption enables the use of half of the geometry in the simulation in order to reduce the required time for numerical computation. ANSYS ICEM CFD 15.0 provides the capability for meshing the computational domain, thereby presenting the flexibility for creating and modifying the geometry of the homogenizer vessel and the impellers for the parametric analysis. A mesh was created to discretize the domain into small control volumes, where the conservation 
The symmetry assumption enables the use of half of the geometry in the simulation in order to reduce the required time`t cpu˘f or numerical computation. ANSYS ICEM CFD 15.0 provides the capability for meshing the computational domain, thereby presenting the flexibility for creating and modifying the geometry of the homogenizer vessel and the impellers for the parametric analysis.
A mesh was created to discretize the domain into small control volumes, where the conservation equations are approximated by algebraic equations. The mesh for the homogenizer simulation set-up contains three major domains (Fluid, Homogenizer vessel and Impeller) each having different global mesh statistic results, such as nodes, elements, tetrahedrons and prisms [21] . Grid sensitivity has been avoided by generating different mesh densities results revealing grid independence, Figure 7 shows the different mesh regions of the homogenizer.
equations are approximated by algebraic equations. The mesh for the homogenizer simulation setup contains three major domains (Fluid, Homogenizer vessel and Impeller) each having different global mesh statistic results, such as nodes, elements, tetrahedrons and prisms [21] . Grid sensitivity has been avoided by generating different mesh densities results revealing grid independence, Figure  7 shows the different mesh regions of the homogenizer.
To account for the viscous nature of the fluid (carrot-orange soup) the following boundary conditions and assumptions are adopted for the simulations. A non-slip condition is used on all solids (baffles, homogenizer vessel, impeller and shaft), so that the fluid has a zero velocity at the homogenizer wall. In the free surface of the fluid, shear streses and the axial velocity are zero and a flat surface is assumed; therefore, a free-slip surface condition on the upper surface of the homogenizer vessel is also applied. It is assumed further that the fluid (carrot-orange soup) has an initial temperature of 28 °C and the homogenizer wall is heated at a constant temperature of 60 °C. ANSYS CFX uses a coupled solver, which solves the hydrodynamic equations for the field variables (u, v, w, and p) as a single system. This solution approach uses a fully implicit scheme for the discretization of the equations at any given time step. For steady-state problems, the time-step behaves like an 'acceleration parameter', to guide the approximate solutions in a physically based manner to a steady-state solution. This reduces the number of iterations required for convergence to a steady-state, or to calculate the solution for each time step in a time-dependent analysis [22] . 3-Dimensional unstructured mesh with tetrahedral and prismatic elements for homogenizer simulation.
To account for the viscous nature of the fluid (carrot-orange soup) the following boundary conditions and assumptions are adopted for the simulations. A non-slip condition is used on all solids (baffles, homogenizer vessel, impeller and shaft), so that the fluid has a zero velocity at the homogenizer wall. In the free surface of the fluid, shear streses and the axial velocity are zero and a flat surface is assumed; therefore, a free-slip surface condition on the upper surface of the homogenizer vessel is also applied. It is assumed further that the fluid (carrot-orange soup) has an initial temperature of 28˝C and the homogenizer wall is heated at a constant temperature of 60˝C.
ANSYS CFX uses a coupled solver, which solves the hydrodynamic equations for the field variables (u, v, w, and p) as a single system. This solution approach uses a fully implicit scheme for the discretization of the equations at any given time step. For steady-state problems, the time-step behaves like an 'acceleration parameter', to guide the approximate solutions in a physically based manner to a steady-state solution. This reduces the number of iterations required for convergence to a steady-state, or to calculate the solution for each time step in a time-dependent analysis [22] .
The impeller represents an immersed solid object within the solution domain as shown in Figure 8 , whose impact is modeled as a source term in the governing transport equations, i.e.,
where U X , U y , and U Z are the three components of fluid velocity and U F X , U F y , and U F Z are the components of the forcing velocity due to the immersed solid. The momentum source coefficient -A is a large number, and is evaluated as the average of the three diagonal coefficient in the momentum equation. The presence of an immersed solid (impeller) in the flow field is modeled through a special β forcing function. The ANSYS computational fluid dynamics software (CFX solver) automatically updates the mesh positions of the immersed solid at the beginning of each time step, and then sets up a list of fluid nodes that lie inside the immersed solid in order to drive the fluid velocity towards the immersed solid velocity. ANSYS CFX uses a coupled solver, which solves the hydrodynamic equations for the field variables (u, v, w, and p) as a single system. This solution approach uses a fully implicit scheme for the discretization of the equations at any given time step. For steady-state problems, the time-step behaves like an 'acceleration parameter', to guide the approximate solutions in a physically based manner to a steady-state solution. This reduces the number of iterations required for convergence to a steady-state, or to calculate the solution for each time step in a time-dependent analysis [22] . 
Results and Discussions
The performance of the stirring process in the homogenizer and the distribution of heat from the boundary layer (homogenizer-wall) are influenced by the turbulence level and the fluid bulk flow [23] . The level of heat transfer transported between the mixed and unmixed zone flow regimes is dependent on the mean velocity of the impeller.
Homogenizer with Rushton Impeller
The Rushton impeller is a high speed radial flow impeller. Due to its high shear levels, this stirrer is primarily used for blending, improving heat transfer, and gas dispersion processes. During mixing using a Rushton impeller, the flow is accelerated in a radial direction and deflected at the vessel wall into an upper and lower recirculation loop. It is effective for both low and high viscosity fluids but in the latter case the fluid flow is primarily tangential. Most of the mass and momentum transfer occurs in the vortex core due to high levels of turbulence within the circulation regions, as shown in Figure 9 , resulting in high degree of mixing especially in the primary circulation loop. The power dissipation (shear) rate is concentrated at the blade tips [24] and is not uniformly distributed throughout the homogenizer. The unbalanced shear distribution possibly enhances heterogeneous mixing of the food waste in the impeller outer region. The turbulent eddy viscosity represents the extent of diffusion (mixing) in the homogenizer, as seen on the color codes in Figure 9 , the blue region indicate stagnant zones (unmixed) in the homogenizer, while the yellow and red regions (cavern) indicate high levels of mixing by the impeller. The primary circulation loop increases as the impeller speed is varied from 100-600 rpm as can be clearly seen from the velocity profile plots in Figures 10 and 11 indicating well stirred regions (cavern) near the impeller and stagnant zones elsewhere in the homogenizer vessel. The solution domain in Figure 10 shows where the diffusive effect (mixing) is greatest (increases from a to d) in the area swept by the impeller (cavern) and least at the bottom and top parts of the homogenizer vessel tank. Figure 11 shows the strong interaction between the impeller (increases from a to d), the fluid and the baffles interfaces in the ZX plane of the homogenizer. The circulation loop around the Rushton impeller tip increases gradually from 100-600 rpm. This result suggest mass movement of the fluid (mixed zones) around the impeller, which arises as the impeller rotational speed is increased.
(a) 100 rpm (b) 300 rpm The primary circulation loop increases as the impeller speed is varied from 100-600 rpm as can be clearly seen from the velocity profile plots in Figures 10 and 11 indicating well stirred regions (cavern) near the impeller and stagnant zones elsewhere in the homogenizer vessel. The solution domain in Figure 10 shows where the diffusive effect (mixing) is greatest (increases from a to d) in the area swept by the impeller (cavern) and least at the bottom and top parts of the homogenizer vessel tank. Figure 11 shows the strong interaction between the impeller (increases from a to d), the fluid and the baffles interfaces in the ZX plane of the homogenizer. The circulation loop around the Rushton impeller tip increases gradually from 100-600 rpm. This result suggest mass movement of the fluid (mixed zones) around the impeller, which arises as the impeller rotational speed is increased. Heat dissipation from the homogenizer vessel wall to the fluid domain within the Rushton impeller homogenizer increases as the impeller rotational speed increases from 100 rpm to 600 rpm, as seen in Figures 12 and 13 (increases from a to d) . The legend on the left hand side of the plot show the extent of heat dissipation from the homogenizer vessel wall by a gradual temperature rise of 0.04% (0.132 K) to the fluid domain, which is at an initial temperature of 301 K. This indicates that the food waste is constantly heated at a temperature of 333 K. The steady state flow field is visually displaced in Figure 13 , which shows the temperature distribution in the ZX plane. The blue region around the impeller in the homogenizer indicates the "dead zones", where heating and mass transfer of fluid are poor (especially predominant in Figure 13a) . Heat dissipation from the homogenizer vessel wall to the fluid domain within the Rushton impeller homogenizer increases as the impeller rotational speed increases from 100 rpm to 600 rpm, as seen in Figures 12 and 13 (increases from a to d) . The legend on the left hand side of the plot show the extent of heat dissipation from the homogenizer vessel wall by a gradual temperature rise of 0.04% (0.132 K) to the fluid domain, which is at an initial temperature of 301 K. This indicates that the food waste is constantly heated at a temperature of 333 K. The steady state flow field is visually displaced in Figure 13 , which shows the temperature distribution in the ZX plane. The blue region around the impeller in the homogenizer indicates the "dead zones", where heating and mass transfer of fluid are poor (especially predominant in Figure 13a) .
(a) 100 rpm (b) 300 rpm 
(c) 500 rpm (d) 600 rpm 
Homogenizer with KIA Impeller
A KIA impeller provides unique flow profiles, compared with the flow patterns of common axial and radial flow impellers. The profile generated by the KIA impeller is similar to that exhibited by mixed flow impellers, as seen in Figure 14 . 
A KIA impeller provides unique flow profiles, compared with the flow patterns of common axial and radial flow impellers. The profile generated by the KIA impeller is similar to that exhibited by mixed flow impellers, as seen in Figure 14 . The KIA impeller is modeled in such a way that it has an inlet for the passage of the moisturerich food waste through its tapered hub and an outlet through the radial arrangement of the impact rings between the impeller plates which is intended to break up the heterogenous food waste. This characteristic helps to improve the homogeneity of the mixture and the mass flow rate in the homogenizer. Figure 15 shows the velocity profile in the YZ plane (while the same velocity profile can be viewed in the ZX plane, as shown in Figure 16 ) with the cavern diameter around the KIA impeller, indicating the area swept by the impeller (mixed zones) and this gradually increases as the rotational speed of the impeller increases from 100 to 600 rpm (increases from a to d). Additionally, it appears that the dead zones decreases in the homogenizer with increasing impeller rotational speed. The velocity contour profile in the ZX plane shows the interaction between the impeller, baffles and the homogenizer vessel wall, the stirred region in the homogenizer having a mean velocity of 3.0 m/s at an impeller rotational speed of 100 rpm and a mean velocity of 17.0 m/s at an impeller rotational speed of 600 rpm. The apparent increase in mean fluid velocity in the homogenizer indicates better heat and mass transfer rates as impeller rotational speed is increased. At the exit of the fluid through the impact rings, there is a transfer of power to the fluid near the impeller which accounts for the viscous loss due to fluid friction; thus there is a maximum viscous dissipation rate near the impeller blade tip and a rapid decrease of it towards the homogenizer wall. The KIA impeller is modeled in such a way that it has an inlet for the passage of the moisture-rich food waste through its tapered hub and an outlet through the radial arrangement of the impact rings between the impeller plates which is intended to break up the heterogenous food waste. This characteristic helps to improve the homogeneity of the mixture and the mass flow rate in the homogenizer. Figure 15 shows the velocity profile in the YZ plane (while the same velocity profile can be viewed in the ZX plane, as shown in Figure 16 ) with the cavern diameter around the KIA impeller, indicating the area swept by the impeller (mixed zones) and this gradually increases as the rotational speed of the impeller increases from 100 to 600 rpm (increases from a to d). Additionally, it appears that the dead zones decreases in the homogenizer with increasing impeller rotational speed. The velocity contour profile in the ZX plane shows the interaction between the impeller, baffles and the homogenizer vessel wall, the stirred region in the homogenizer having a mean velocity of 3.0 m/s at an impeller rotational speed of 100 rpm and a mean velocity of 17.0 m/s at an impeller rotational speed of 600 rpm. The apparent increase in mean fluid velocity in the homogenizer indicates better heat and mass transfer rates as impeller rotational speed is increased. At the exit of the fluid through the impact rings, there is a transfer of power to the fluid near the impeller which accounts for the viscous loss due to fluid friction; thus there is a maximum viscous dissipation rate near the impeller blade tip and a rapid decrease of it towards the homogenizer wall. The KIA impeller is modeled in such a way that it has an inlet for the passage of the moisturerich food waste through its tapered hub and an outlet through the radial arrangement of the impact rings between the impeller plates which is intended to break up the heterogenous food waste. This characteristic helps to improve the homogeneity of the mixture and the mass flow rate in the homogenizer. Figure 15 shows the velocity profile in the YZ plane (while the same velocity profile can be viewed in the ZX plane, as shown in Figure 16 ) with the cavern diameter around the KIA impeller, indicating the area swept by the impeller (mixed zones) and this gradually increases as the rotational speed of the impeller increases from 100 to 600 rpm (increases from a to d). Additionally, it appears that the dead zones decreases in the homogenizer with increasing impeller rotational speed. The velocity contour profile in the ZX plane shows the interaction between the impeller, baffles and the homogenizer vessel wall, the stirred region in the homogenizer having a mean velocity of 3.0 m/s at an impeller rotational speed of 100 rpm and a mean velocity of 17.0 m/s at an impeller rotational speed of 600 rpm. The apparent increase in mean fluid velocity in the homogenizer indicates better heat and mass transfer rates as impeller rotational speed is increased. At the exit of the fluid through the impact rings, there is a transfer of power to the fluid near the impeller which accounts for the viscous loss due to fluid friction; thus there is a maximum viscous dissipation rate near the impeller blade tip and a rapid decrease of it towards the homogenizer wall.
(a) 100 rpm (b) 300 rpm Temperature distributions for the KIA impeller are shown in Figures 17 and 18 . It is seen that convective transport for the KIA impeller from the boundary layer (homogenizer wall) to the fluid domain is better when compared to the Rushton impeller, as shown in Figures 12 and 13 . This improvement can be attributed to the use of impact rings on the impeller plate. Increasing the rotational speed of the impeller from 100 rpm to 600 rpm increases the homogeneity of the mixture, as expected (increases from a to d). Thus, the KIA impeller homogenizer provides better heat and mass transfer rates during mixing, and is expected to provide a much better homogeneity compared to the 6 blade Rushton impeller. Additionally, the superior performance is attributed to the impact rings on the impeller plate, and the baffle-vortex interactions which provides intense flow dispersion inside the homogenizer. Temperature distributions for the KIA impeller are shown in Figures 17 and 18 . It is seen that convective transport for the KIA impeller from the boundary layer (homogenizer wall) to the fluid domain is better when compared to the Rushton impeller, as shown in Figures 12 and 13 . This improvement can be attributed to the use of impact rings on the impeller plate. Increasing the rotational speed of the impeller from 100 rpm to 600 rpm increases the homogeneity of the mixture, as expected (increases from a to d). Thus, the KIA impeller homogenizer provides better heat and mass transfer rates during mixing, and is expected to provide a much better homogeneity compared to the 6 blade Rushton impeller. Additionally, the superior performance is attributed to the impact rings on the impeller plate, and the baffle-vortex interactions which provides intense flow dispersion inside the homogenizer. Temperature distributions for the KIA impeller are shown in Figures 17 and 18 . It is seen that convective transport for the KIA impeller from the boundary layer (homogenizer wall) to the fluid domain is better when compared to the Rushton impeller, as shown in Figures 12 and 13 . This improvement can be attributed to the use of impact rings on the impeller plate. Increasing the rotational speed of the impeller from 100 rpm to 600 rpm increases the homogeneity of the mixture, as expected (increases from a to d). Thus, the KIA impeller homogenizer provides better heat and mass transfer rates during mixing, and is expected to provide a much better homogeneity compared to the 6 blade Rushton impeller. Additionally, the superior performance is attributed to the impact rings on the impeller plate, and the baffle-vortex interactions which provides intense flow dispersion inside the homogenizer. 
Homogenizer with Pitched Blade Impeller
The Pitched Blade impeller generates both axial and radial flow in low to medium viscosity fluids, as shown in Figure 5 , with a down pumping flow. The impellers produce a higher shear at the blades, which gives a good balance between pumping and shear action for a good general purpose impeller. As shown in Figure 19 , the circulation loop is relatively large at the bottom of the homogenizer vessel and around the Pitched Blade impeller, indicating unmixed regions in the homogenizer. The velocity contour in the ZX plane (Figure 20) shows the influence of impeller rotational speed on the homogeneity of the mixture in the homogenizer.
The Pitched Blade impeller generates both axial and radial flow in low to medium viscosity fluids, as shown in Figure 5 , with a down pumping flow. The impellers produce a higher shear at the blades, which gives a good balance between pumping and shear action for a good general purpose impeller. As shown in Figure 19 , the circulation loop is relatively large at the bottom of the homogenizer vessel and around the Pitched Blade impeller, indicating unmixed regions in the homogenizer. The velocity contour in the ZX plane (Figure 20) shows the influence of impeller rotational speed on the homogeneity of the mixture in the homogenizer. 
The Pitched Blade impeller generates both axial and radial flow in low to medium viscosity fluids, as shown in Figure 5 , with a down pumping flow. The impellers produce a higher shear at the blades, which gives a good balance between pumping and shear action for a good general purpose impeller. As shown in Figure 19 , the circulation loop is relatively large at the bottom of the homogenizer vessel and around the Pitched Blade impeller, indicating unmixed regions in the homogenizer. The velocity contour in the ZX plane (Figure 20) shows the influence of impeller rotational speed on the homogeneity of the mixture in the homogenizer. The heat of dissipation from the homogenizer vessel wall to the fluid and also the heat generated by the action of the impeller on the food waste within the Pitched Blade homogenizer are shown in Figures 21 and 22 . These contours indicate enhanced heat dissipation as the impeller rotational speed increases (increases from a to d). 
Homogenizer with Anchor Impeller
The Anchor impeller is a low-speed stirrer impeller used for mixing viscous fluids commonly encountered in biological and polymeric reactors. They are well suited for enhancing the heat transfer rate in viscous fluids, and for placement in an unbaffled homogenizer with small clearances from its wall. Figure 23 shows the velocity vector profile in the XY plane of the Anchor impeller for several rotational speeds imposed on the homogenizer (while the same velocity profile can be viewed in the XZ plane, as shown in Figure 24 ), the fluid bulk flow of the Anchor impeller is greater compared to other impellers considered in this study because it has a close clearance to the wall and the impeller height is the same as the fluid height in the homogenizer. Mixing is thereby influenced by the large diameter coverage of the impeller as can be evident from Figure 23 for all impeller rotational speeds. At a rotational speed of 600 rpm it is evident from the velocity plot that there are no dead zones within the homogenizer, the Anchor impeller clearance and location within the homogenizer plays an important role on its mixing performance as it offers the best heat and mass transfer rates, the YZ and XY planes clearly show the extent of diffusion (mixing) in the homogenizer as the rotational speed is increased from 100 to 600 rpm (increases from a to d). 
The Anchor impeller is a low-speed stirrer impeller used for mixing viscous fluids commonly encountered in biological and polymeric reactors. They are well suited for enhancing the heat transfer rate in viscous fluids, and for placement in an unbaffled homogenizer with small clearances from its wall. Figure 23 shows the velocity vector profile in the XY plane of the Anchor impeller for several rotational speeds imposed on the homogenizer (while the same velocity profile can be viewed in the XZ plane, as shown in Figure 24 ), the fluid bulk flow of the Anchor impeller is greater compared to other impellers considered in this study because it has a close clearance to the wall and the impeller height is the same as the fluid height in the homogenizer. Mixing is thereby influenced by the large diameter coverage of the impeller as can be evident from Figure 23 for all impeller rotational speeds. At a rotational speed of 600 rpm it is evident from the velocity plot that there are no dead zones within the homogenizer, the Anchor impeller clearance and location within the homogenizer plays an important role on its mixing performance as it offers the best heat and mass transfer rates, the YZ and XY planes clearly show the extent of diffusion (mixing) in the homogenizer as the rotational speed is increased from 100 to 600 rpm (increases from a to d).
(a) 100 rpm (b) 300 rpm The temperature distribution plots for the Anchor impeller homogenizer in the YZ plane reveals a dead zone situated at the middle of the homogenizer vessel (see Figure 25) , which reduces in size with rotational speed. The heat dissipation in the homogenizer gradually increases for all impeller rotational speeds (increases from a to d), thereby enhancing heat transfer from the boundary layer (homogenizer vessel wall) to the fluid domain (carrot-orange soup) within the homogenizer. Figure  26 shows an increasing geometric ratio of heat distribution advantage of the Anchor impeller with an impeller speed over the other three impellers under investigation (increases from a to d). The temperature distribution plots for the Anchor impeller homogenizer in the YZ plane reveals a dead zone situated at the middle of the homogenizer vessel (see Figure 25) , which reduces in size with rotational speed. The heat dissipation in the homogenizer gradually increases for all impeller rotational speeds (increases from a to d), thereby enhancing heat transfer from the boundary layer (homogenizer vessel wall) to the fluid domain (carrot-orange soup) within the homogenizer. Figure 26 shows an increasing geometric ratio of heat distribution advantage of the Anchor impeller with an impeller speed over the other three impellers under investigation (increases from a to d). Figure 27 compares the rate of thermal diffusion with the impeller rotational speed for all four types of impellers. Although the Anchor impeller appears to have a higher rate of heat dissipation with impeller speed, it is in practice used for low speed operations for mixing of semi-solid materials with low moisture content. The conceptual KIA impeller appears to provide better mixing, compared to both the Rushton and Pitched Blade impellers. The cavern diameter in the homogenizer increases with impeller rotational speed. The circulation loop appears to provide the best mixing, especially for the Rushton and Pitched Blade impellers. The use of impact rings in the design for the KIA impeller appears to be the primary reason for the observed overall quantity of mixing within the homogenizer.
Conclusions
The design of a new impeller called KIA for homogenization of food waste and its subsequent comparative analysis with three conventional impeller types (Rushton, Anchor and Pitched Blade) are carried out using computational fluid dynamics ANSYS CFX v.15.0. The results imply that the KIA impeller improves the overall performance of the six blade Rushton impeller in terms mixing (reduction in the dead zones) capabilities, with increased impeller rotational speed and better heat distribution. The Anchor and Pitched Blade impellers exhibit an overall improvement amongst the impellers studied, apparently due to the use of single phase model approach in simulating the fluid. The homogenizer vessel for the KIA, Pitched Blade and Rushton impellers are equipped with a baffle. The Anchor impeller provides better homogeneity of the fluid (carrot-orange soup) and heat dissipation in the homogenizer, but with a slightly higher power consumption relative to other impellers. This is achieved by the generation of a graphical user interface GUI for motor power selection with the properties of the fluid as a major consideration and geometrical dimensions of the homogenizer, for all cases studied (see Appendix B). Calculations for the shaft design and associated stresses during mixing in a homogenizer, the critical speed and shaft deflection were all considered as this information enables the determination of the operational limit of the homogenizer. The cavern diameter in the homogenizer increases with impeller rotational speed. The circulation loop appears to provide the best mixing, especially for the Rushton and Pitched Blade impellers. The use of impact rings in the design for the KIA impeller appears to be the primary reason for the observed overall quantity of mixing within the homogenizer.
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